after stimulation by norepinephrine (NE) or shrinkage induced by exposure to..hypertonic media (S). Previously both NE and S were shown to initiate a similar transport process in this cell. NE elicited a rapid rise in cellular CAMP and 42K influx. Both effects were eliminated by propranolol. At concentrations of NE below 3 x 10e8 M (the concentration at which 42K influx saturates), there was good correlation between the magnitude of the permeability change and the increment in CAMP. In contrast, medium hypertonicity, at a level which stimulated K influx to the same extent as a nearmaximal norepinephrine response, did not alter CAMP content. The data are discussed in terms of a model in which S and NE activate a final common transport pathway by different mechanisms, which in the case of S does not involve CAMP.
osmotically obligated water. The gain in water produces cell enlargement. In view of the general hypothesis of Sutherland and co-workers (24) that a variety of hormones, including norepinephrine, exert their characteristic effects in receptor cells via intermediacy of cyclic adenosine 3',5'-monophosphate (CAMP), it was reasonable to inquire whether the norepinephrine-dependent transport process may also be regulated, in part, by catecholamineinduced changes in the cellular concentration of CAMP. Several lines of evidence implicate CAMP in the genesis process.-Avian te cyclase (2, 4, of the norepinephrine-induced erythrocyte membranes contai transport n adenyla 16, 20), and catecholamines raise the level of CAMP in avian -erythrocytes (3, 7, 21) . In addition, dibutyryl --CAMP, when added to the bathing medium, mimics norepinephrine in causing cells to accumulate cations and enlarge, presumably by initiating the same transport process (17) . Marked similarities between the transport processes activated by norepinephrine and hypertonicity led us (11) to consider the possibility that CAMP might also serve as an intracellular mediator in the response to cation transport; cyclic nut nism; avian erythrocytes leotide; volume controlling mecha- NOREPINEPHRINE, when added to an isotonic medium, initiates a rapid bidirectional movement of Na and K in duck erythrocytes (11). A similar change in transport is noted when these cells are incubated in a hypertonic medium in the absence of hormone (10). The mechanism responsible for the cation movements in both cases differs functionally and operationally from that of the classical cation pump.
Duck erythrocytes can vary their volume dynamically (9-11). A volume-controlling mechanism has been described that enables these cells to reestablish their initial volume after shrinkage induced by exposure to hypertonic media (10). The addition of norepinephrine to isotonic media also causes these cells to enlarge by a process resembling that initiated by hypertonicity (11, 17) . The rapid bidirectional movement of Na and K mentioned above appears to be a basic component of this volume-regulatory response. The extracellular K concentration determines whether this rapid translocation serves as a simple cation exchanger, or, when cells enlarge, as the effector portion of the volume-controlling mechanism (9, 10). Raising the K concentration above 2.5 mM causes the transport process to increase asymmetrically; influx exceeds efflux, leading to a net accumulation of cations accompanied by anions and hypertonicity.
Cyclic AMP has been implicated in anRipoche evidence other hypertonicity-induced transport and co-workers (18,19) have presented process. indirect that the level of CAMP is important in the enhanced water movement across amphibian bladders that develops upon the addition of a hypertonic concentration of an impermeable solute to the serosal bathing medium (1, 5, 18, 25) . Orloff and Handler (15) have shown previously that vasopressin induces water movement via CAMP in this tissue. To date, however, direct measurements of CAMP in shrunken hypertonicity-stimulated cells have not been reported. The present studies compare the relationship between CAMP levels and cation transport in duck erythrocytes stimulated by norepinephrine or hypertonicity.
We have also inquired as to whether several incubation conditions that result in inhibition of the transport process also influence the CAMP content of the cells.
MATERIALS AND METHODS
The procedures for obtaining and incubating erythrocytes from the common Muscovy duck have been described previously (9,17). When preincubated for 90 min in a norepinephrine-free "standard synthetic medium," per that number of cells which in the LSS occupied 1 liter. After removal of plasma and the huffy coat by brief centrifugation at 2,000 x g , the cells were washed at least twice in appropriate solutions by centrifugation both before and after the 90-min preincubation.
Routinely the standard synthetic medium served as the washing solution except in some of the studies described in Tables 4 and 5 . Solutions used for washing were kept at room temperature except those used in the Table 4 studies which were kept at 4°C.
The standard synthetic medium was isotonic (osmolarity 323 mosM) and had the following composition (mM): MgCl, 2, CaCl, 1, NaHCO, 28, Na,HPO, 3.8, NaH,PO, 3.8, NaCl 115, KC1 2.5, dextrose 20, and albumin (2.5 g/100 ml). Procedures for increasing the tonicity of this solution by addition of NaCl have been described previously (10). The composition of the low K solution which was isosmotic with the standard synthetic medium has also been described previously (12). To lower the concentration of K in this solution further, we dialyzed albumin prior to its incorporation into the medium against 20 vol of ice-cold solution (1 mM CaCl, and 2 mM MgCl,) for 24 h.
Influx and eMlux measurements were performed according to procedures described previously (9); influx values were routinely calculated by using equation 1 (9). However, the consistency of packed cells in very hypertonic solutions (see Fig. 3 ) precluded the thorough mixing and accurate pipetting necessary for analysis; we therefore approximated changes in K influx by noting the loss of radioactivity from the various bathing media over a 4-min interval. Under these conditions 42K uptake is rapid and roughly linear, whereas the K concentration of the medium remains constant, so that cellular 42K uptake and therefore K influx is, to a first approximation, proportional to the loss of radioactivity from the bathing medium. However, this modified procedure is not as accurate since duplicates differed by as much as 7 compared to 1% for the routine method. This degree of inaccuracy, however, is not sufficient to alter any of the conclusions drawn for the studies described in Fig. 3 .
For the measurement of cyclic AMP, 500-~1 aliquots of cell suspensions (HCT lo-20%) were transferred with vigorous mixing from the incubation flasks into polystyrene tubes containing 1 ml of ice-cold 8% trichloroacetic acid (TCA)l and 1 pmol of [3H]AMP to monitor recovery. Company and Ayerst Laboratories, Inc., respectively.
Norepinephrine and propran-0101 were added to each experimental flask after adding the cells, and propranolol preceded norepinephrine when the two were added together. Furosemide, on the other hand, was added as a solid before cell addition. The concentrations mentioned in the text have been KREGENOW, ROBBIE, AND ORLOFF calculated with the assumption that these agents remain in the extracellular phase.
RESULTS
Adding norepinephrine to LSS cells results in an immediate increase in CAMP content if the concentration of norepinephrine exceeds 5 x 10sy M. Figure 1 shows the changes in CAMP content at two hormone concentrations over a 5-min interval. The higher concentration, as will be shown in Fig. 2 , approaches the concentration at which the transport process saturates. Peak accumulation is already apparent at the beginning of the interval, the earliest time at which one can satisfactorily separate the cells for the initial determination in the flux measurement. Cyclic AMP levels change little throughout the remainder of the interval, although they fall slightly at the end.
Propranolol (10m4 M) completely inhibits the ability of norepinephrine to initiate the characteristic change in cation permeability (ll), whereas it does not affect the response in hypertonic media (10). As shown in Table 1 , 10e4 M propranolol also blocks the immediate increase in CAMP content normally seen in the presence of norepinephrine. This finding is consistent with the view (23) that an elevated CAMP level is a requisite for hormone action.
To determine whether a correlation exists between the quantity of new CAMP accumulated and the magnitude of the increase in cation permeability, we examined the effect on each of increasing hormone concentrations. Figure 2 shows the results of experiments in which the hormone concentration was varied from 0 to 5 x lo-* M. We chose to follow transport by measuring the norepinephrine-sensitive component of K influx. However, any of the other three monovalent cation fluxes stimulated by norepinephrine (K efflux, Na influx, and efflux) could also have been used. Cyclic AMP was assayed in samples collected at the midpoint of the 3-min flux measurements and accurately reflects, as shown in Fig. 1 , CAMP levels throughout the interval.
The hormone-sensitive component of trans-309 port saturates at a norepinephrine concentration of 3 x lo-* M. Below this concentration, the increments in CAMP content and K transport correlate well, suggesting that they are indeed causally related. In Fig. 2 Fig. 2 .) (The CAMP content of cells incubated for 3 min with lo-" M norepinephrine is often 10 times that found with 3 x lo-* M.) The accumulation of CAMP in excess of that corresponding to a maximal physiological effect is a frequently reported phenomenon which has been discussed in terms of "receptor reserve" (6). Necessarily, only hormone concentrations below 3 x lo-" M have been used in the remainder of this study. To determine whether the identical transport process initiated by hypertonicity also requires CAMP as an intermediary, we compared cellular CAMP levels in control cells, hypertonicity-stimulated cells, and norepinephrine-stimulated cells. In the experiments summarized in Table 2, conditions were chosen so that transport rates in both norepinephrineand hypertonicity-stimulated cells were rapid and identical, yet just below the saturation point for the transport process. Despite similar transport rates, the CAMP level in the hypertonicity-stimulated cells was not significantly elevated above those found in control cells. Clearly the permeability response to hypertonicity occurs in the absence of any detectable change in CAMP, indicating that the initial events leading to the change in permeability may differ for hypertonicity and norepinephrine. Although hypertonicity does not alter basal CAMP content, it diminishes the accumulation of CAMP that develops in response to norepinephrine.
The top half of Table 3 shows that at the osmolarity and norepinephrine concentration used in this study described in Table  2 , we observed only 61% of the expected CAMP accumulation. The 61% increase, however, demonstrates that the enzyme system, or systems, responsible for accumulation of CAMP remains functional at this osmolarity, and that its inhibition is not the explanation for the lack of an effect of hypertonicity on basal CAMP levels. --This reduction in norepinephrme-dependent CAMP accumulation may represent the initial appearance of a general inhibitory phenomenon which progresses as the medium tonicity increases and affects not only CAMP accumulation, but also norepinephrineand hypertonicity-stimulated transport as well. Figure 3 shows that as the tonicity of the medium is increased beyond the levels employed in the previous study (Table 2) , the permeability effects of both norepinephrine and hypertonicity are progressively inhibited.2 At high osmolarities, both permeability responses (Fig. 3) are almost completely blocked. And at these high osmolarities, as noted in the bottom half of Similarly, omission of Na or K from the medium inhibits three of the four components of the rapid cation exchange.
(The increases in K influx, K efflux, and Na influx are blocked, but the stimulation of Na efflux remains.) Table 4 demonstrates the inhibitory effect of two of the conditions (treatment with furosemide or removal of K). Values are means + SE (n = 3). Cells were added to the various isotonic and hypertonic media and norepinephrine
(1 x lo-" M) to some of the flasks at time 0. The sampling routine was similar to that described in the Fig. 2 legend for the experiments with norepinephrine and to that described in the Cyclic AMP concentration does not increase in the initial stages of the hypertonicity-induced transport process. The physical or biochemical changes associated with cell shrinkage in a hypertonic medium seem to imitate the action of CAMP in the hormone-stimulated cell. This finding and the many similarities between the transport process initiated by norepinephrine, on the one hand, and hypertonicity, on the other, suggest a model in which the two stimuli (norepinephrine and hypertonicity) initiate events which are first dissimilar but eventually impinge upon a common pathway leading to cation translocation.
According to the generally accepted scheme (23), the first events in the response to norepinephrine involve an association between the hormone and membrane-receptor elements as well as the series of biochemical reactions which permit accumulation of CAMP; in contrast, the first events in the response to hypertonicity must differ. Following the formation of CAMP, some or all of the events in both responses are similar, including the actual cation translocation process itself.
In this model those perturbations which alter transport but not the gain in CAMP (1 mM furosemide and the virtual elimination of medium K, Table 4 ) would act somewhere along the common terminal pathway. In addition, the K-sensitive element which renders the system capable of net cation translocation must also intervene along the common terminal pathway. Since, as mentioned earlier, a net accumulation of cations brought about by an increase in the medium K concentration is similar in both the norepinephrineand hypertonicity-stimulated process, the latter does not invoke changing levels of CAMP.
From the model, we can conclude that the response to hypertonicity could prove useful in illuminating the more distal events in a CAMP-mediated, hormonally induced transport process. It offers an opportunity to examine those events that develop subsequent to the point at which CAMP exerts its effect. The evidence that hypertonicity elicits the same response without changing CAMP levels also raises the possibility that a messenger other than CAMP may be involved in the hypertonicity response (24). 
